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Introduction 


This  revised  project  focused  on  the  action  of  an  alternative  product  of  the  HER-2/erbB2  gene,  termed  herstatin. 
Previous  work  demonstrated  that  this  protein  exhibits  binding  to  all  members  of  the  erbB  family  and  induces 
down-regulation  of  EGFR/erbBI ,  HER-3/erbB3,  and  HER-4/erbB4.  Herstatin  also  binds  to  the  IGF-IR.  The 
studies  in  the  revised  SOW  addressed  the  regulation  of  IGF-IR  action,  its  effect  on  prostate  cancer  cells  in 
vitro,  and  its  expression  in  clinical  samples  from  prostate  cancer  patients.  The  results  of  these  studies  were 
described  in  the  previous  annual  reports,  including  the  one  for  the  last  year  of  full  funding.  We  summarize 
these  studies  below  and  also  describe  additional  data  obtained  in  the  no-cost  extension  period  ending  12/08. 
Data  from  previous  annual  reports  explicitly  pertinent  to  prostate  cancer  are  included  in  order  for  this  final 
report  to  comprise  an  accurate  summary  of  our  prostate  cancer-related  studies.  In  summary,  this  final  report 
represents  the  work  performed  during  two  years  of  funding  following  approval  of  the  revised  statement  of  work 
and  one  year  of  a  no-cost  extension. 

Body 

In  conjunction  with  the  submission  of  the  revised  annual  report  for  calendar  year  2005,  we  proposed  a  modified 
Statement  of  Work  to  guide  the  research  for  the  remainder  of  the  project.  The  approved  revised  SOW 
comprised  the  three  tasks  outlined  below. 

Task  1.  Characterize  the  effects  of  herstatin  in  prostate  cancer  cells. 

Task  2.  Evaluate  expression  of  herstatin  in  prostate  cancer  cell  lines  and  clinical  samples. 

Task  3.  Investigate  regulation  of  herstatin  expression. 

Data  supporting  the  revised  SOW. 

In  our  annual  report  following  year  1  of  this  award,  we  described  the  effects  of  constitutive  herstatin  expression 
in  multiple  clones  of  MCF-7  cells  on  the  expression  of  various  components  of  the  IGF  signaling  system  and 
IGF-I  receptor  signal  transduction.  These  included  alterations  in  the  expression  levels  of  the  IGF-I  receptor, 
IRS-1 ,  IRS-2,  Akt,  Erk,  and  She,  and  a  significant  decrease  in  IGF-l-stimulated  signaling.  These  results 
prompted  us  to  request  approval  of  a  revised  statement  of  work  to  focus  on  herstatin  action,  which  was 
subsequently  approved.  It  is  important  to  note  that  we  were  required  to  repeat  the  extensive  series  of 
experiments  described  in  the  year  1  annual  report  when  we  discovered  that  the  herstatin-expressing  MCF-7 
cell  lines  we  had  obtained  from  our  collaborator  Dr.  Gail  Clinton’s  laboratory  were  contaminated  with 
mycoplasma  as  assessed  by  PCR.  Elimination  of  mycoplasma  and  verification  of  our  extensive  IGF  signaling 
data  consumed  a  significant  portion  of  the  work  performed  during  the  first  year  under  the  revised  statement  of 
work  (i.e.,  year  2  of  the  this  Idea  Development  Award).  Fortunately,  almost  all  of  the  original  results  were 
replicated,  with  the  exception  of  some  of  the  originally  reported  proliferation  and  IRS-2  activation  data.  These 
subsequent  data,  along  with  the  effects  of  herstatin  on  basal  and  IGF-l-regulated  apoptosis  and  PARP 
cleavage  shown  below,  are  detailed  in  the  appended  revised  manuscript  that  is  being  submitted  to  Oncogene. 
In  parallel  studies,  we  demonstrated  (and  reported  in  the  year  2  annual  report)  that  herstatin  expression 
enhanced  insulin  receptor  expression  and  signaling,  particularly  through  the  Erk  pathway.  These  data  are 
currently  being  written  up  for  publication.  As  also  described  in  a  year  2  annual  report,  we  performed  an  in  silico 
analysis  of  the  herstatin  3’-untranslated  region  and  the  corresponding  genomic  sequence  and  determined  that 
primate  (human  and  monkey)  but  not  rodent  HER-2  intron  9  sequences  contain  polyadenylation  motifs  that 
would  allow  the  generation  of  a  functional  herstatin  mRNA.  These  data  show  that  both  the  ability  of  intron  8  to 
encode  the  herstatin  protein  and  the  adjacent  intron  sequences  to  support  mRNA  processing  are  unique  to 
primate  species. 

In  the  recent  no-cost  extension  period,  we  have  demonstrated  that  herstatin  expression  in  MCF-7  cells 
increases  basal  apoptosis  in  serum-starved  cells  as  assessed  by  PARP  cleavage  (Figure  1  on  the  following 
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page)  as  well  as  IGF-I  inhibition  of  apoptosis  as  assessed  by  ELISA  (i.e.,  70%  vs  30%  decrease  in  apoptosis 
by  5  nM  IGF-I;  Figure  2). 

MCF-7  MCF-7/HST 

-f  ulWength  PARP 
-Cleaved  PARP 

Figure  1.  Herstatin  expression  increases  basal  PARP  cleavage. 
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Figure  2.  Herstatin  inhibits  IGF-I  attenuation  of  serum  starvation-induced  apoptosis. 

Progress  in  direct  support  of  task  1 . 

We  designed  and  constructed  a  lentivirus  vector  encoding  herstatin  and  generated  active  virus  preparations. 
We  infected  MCF-7  cells  with  this  preparation  to  produce  cells  that  acutely  express  herstatin  endogenously. 

We  chose  to  do  these  initial  infections  in  MCF-7  rather  than  prostate  cell  lines,  since  the  original  observations 
of  herstatin  effects  were  made  in  stably  transfected  MCF-7  cells.  As  reported  in  the  year  3  annual  report, 
herstatin-encoding  lentivirus-infected  cells  expressed  easily  detectable  levels  of  herstatin  in  total  cell  lysates 
using  a  commercially  available  herstatin  antibody  that  was  raised  against  the  unique  intron  8-encoded  C 
terminus  of  herstatin.  No  detectable  levels  of  herstatin  were  detected  in  control,  GFP  lentivirus-infected  cells. 
The  levels  seen  in  herstatin  lentivirus-infected  cells  were  similar  to  those  present  in  MCF-7  cells  stably 
transfected  with  a  plasmid-based  vector  described  in  a  previous  annual  report.  In  contrast  to  the  effects  noted 
previously  in  plasmid-transfected  cells,  acute  lentivirus-mediated  expression  of  herstatin  had  no  significant 
effect  on  the  expression  levels  of  HER-3  or  IGF-IR.  Thus,  the  effects  of  long-term,  plasmid-based  herstatin 
expression  differ  from  acute,  lentivirus-based  expression  of  similar  levels  of  herstatin.  In  the  no-cost  extension 
period,  we  found  that  lentivirus-expressed  herstatin  is  retained  intracellularly,  with  none  detected  in  conditioned 
media.  These  data  are  similar  to  those  reported  by  Flu  et  al.  (1),  who  reported  intracellular  accumulation  of 
herstatin  expressed  in  CFIO  cells.  This  may  explain  the  relative  lack  of  effect  of  lenti-virus-encoded  herstatin  on 
expression  of  the  receptor  tyrosine  kinases  that  are  down-regulated  in  cells  stably  transfected  with  herstatin- 
encoding  plasmid  vectors. 


MCF-7 

MCF-7/HM 
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The  apparent  lack  of  efficient  secretion  of  herstatin  expressed  from  constructs  employing  the  endogenous  Her- 
2  signal  peptide  may  be  due  to  the  inability  of  signal  peptides  found  in  type-l  transmembrane  proteins  such  as 
Her-2  to  support  extracellular  secretion  in  addition  to  entry  into  the  secretory  pathway  per  se.  This  notion  is 
supported  by  the  work  of  Barash  et  al.  (2),  who  employed  hidden  Markov  modeling  to  analyze  a  large 
collection  of  mammalian  signal  peptide  sequences  and  their  ability  to  support  secretion  of  a  heterologous 
protein  (alkaline  phosphatase).  Their  analysis  found  that  signal  peptides  associated  with  completely  secreted 
proteins  exhibited  high  scores  in  their  model,  while  those  for  type-1  transmembrane  proteins  had  low  scores. 
Their  hidden  Markov  model  was  then  used  to  generate  a  synthetic  signal  peptide  sequence  with  a  very  high 
score  that  supported  efficient  secretion  of  alkaline  phosphatase.  In  the  no-cost  exrtension  period,  we  designed 
a  herstatin  expression  vector  with  this  signal  sequence  (MWWRLWWLLLLLLLLWPMVWA)  to  enable  efficient 
secretion  of  herstatin  in  Cos  cells.  We  will  employ  this  strategy  to  produce  soluble  extracellular  herstatin  for 
purification  as  well  as  for  assessing  its  effect  on  prostate  cancer  cells  in  planned  co-culture  experiments  in 
transwell  plates.  These  studies  will  be  supported  by  new  funding  obtained  from  OHSU  based  upon  the 
progress  made  possible  through  this  PCRP  grant.  The  application  for  this  funded  project  that  will  continue 
development  of  herstatin  as  a  cancer  therapy  is  included  as  an  appendix. 

In  the  no-cost  extension  period,  we  also  showned  that  recombinant  herstatin  originally  produced  by  Dr.  Gail 
Clinton’s  laboratory  at  OHSU  is  able  to  inhibit  the  proliferation  of  human  breast  (BT474),  prostate  (DU145),  and 
stomach  (NCIN87)  cancer  cells  as  assessed  by  MTS  assay  (Figure  3). 


BT474  DU145  NCIN87 

HER-2  EGFR,  HER-2  EGFR,  HER-2,  HER-4 


Figure  3.  Effect  of  recombinant  herstatin  on  growth/survival  of  human  cancer  cell  lines. 


BT474 

ES3DU145 

^3NCIN87 


We  have  also  demonstrated  that  recombinant  herstatin  effectively  inhibited  EGF-stimulated  Akt  activation  in 
DU145  prostate  cancer  cells  (Figure  4  on  the  following  page).  These  studies  consumed  the  entire  stock  of 
active  recombinant  protein  previously  generated  in  Dr.  Clinton’s  laboratory.  The  retirement  of  Dr.  Clinton  and 
the  closing  of  her  laboratory  and  the  production  of  recombinant  herstatin  in  an  insect  system  several  years  ago 


6 


is  the  rationale  for  the  development  of  a  new  system  for  production  of  recombinant  protein  in  a  mammalian  cell 
system  as  described  above. 

nM  Hst 

EGF  (5nM)-^^  + 

pi  75  >  1 

anti-phosphoEGFR 


anti-phosphoAkt 


anti-Akt 


50 

100 

300 

+ 

+ 

+ 

Figure  4.  Recombinant  herstatin  inhibits  EGF  activation  of  Akt/PKB  in  DU145  prostate  cancer  cells. 

Progress  in  direct  support  of  task  2. 

We  proposed  to  evaluate  endogenous  herstatin  expression  in  various  prostate  cancer  cell  lines  and  a  limited 
number  of  clinical  samples  available  from  the  OHSU  Cancer  Center  tumor  bank.  As  shown  below  in  Figure  5, 
we  analyzed  endogenous  herstatin  protein  expression  in  primary  prostate  epithelial  cells  and  a  series  of 
prostate  cancer  cell  lines  by  western  immunoblotting.  MCF-7/Hst  cell  lysate  was  used  as  a  positive  control.  Of 
the  prostate  cell  lines  analyzed,  DU145  and  PC-3  cells  appeared  to  express  detectable  levels  of  endogenous 
herstatin,  although  these  levels  were  much  less  than  the  levels  present  in  MCF-7  cells  expressing  recombinant 
herstatin. 

PrEC  P69  LNCaP  M12  DU145  PC-3  + 


-Herstatin 


Figure  5.  Endogenous  herstatin  expression  in  prostate  cancer  cell  lines. 


We  also  investigated  herstatin  gene  expression  in  deidentified  clinical  samples  comprised  of  matched  normal 
prostate  and  adjacent  prostate  cancer  from  the  OPISU  tumor  bank  by  RT-PCR  using  primers  in  Pler-2  exon  7 
and  intron  8  that  are  specific  for  the  herstatin  mRNA.  This  primer  set  produces  a  357-nt  product,  was 
comprised  of  the  following  sequences,  exon  7  FWD  5’-CACTTCAACCACAGTGGCAT-3’  and  intron  8  REV  5’- 
GTCCCAAGAGGGTCTGAGGA-3’),  and  was  validated  with  herstatin  cDNA  and  MCF-7/Hst  cell  RNA  controls. 
As  shown  in  Figure  6  on  the  following  page,  herstatin  transcripts  were  detectable  in  all  normal  and  matched 
tumor  samples.  The  presence  of  herstatin  mRNA  in  all  of  the  normal  prostate  samples  is  consistent  with  the 
detection  of  herstatin  mRNA  in  normal  prostate  using  Northern  analysis  of  a  multiple  tissue  blot  as  described  in 
our  year  1  annual  report. 
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Herstatin 
(357bp) 

35  cycles 

Levels  after 
25  cycles 

Figure  6.  Endogenous  herstatin  gene  expression  in  matched  normal  and  tumor  samples  from  prostate 
cancer  patients. 

In  light  of  potential  concerns  about  the  relevance  of  commonly  used  prostate  cancer  cell  lines  and  the  relatively 
small  number  of  well  characterized  clinical  samples  available  from  the  OHSU  tumor  bank,  we  exploited  the 
commercial  availability  of  an  RNA  array  containing  normalized  total  RNA  samples  from  normal  prostates, 
different  prostate  cancer  stages,  and  BPH.  As  described  in  the  previous  annual  report,  this  array  was  analyzed 
by  qRT-PCR  (TaqMan  technology)  using  a  herstatin-specific  amplicon  consisting  of  primers  in  Her-2  exon  7 
and  intron  8  that  produced  an  87-nt  product  and  an  internal  reporter  primer.  Primer  sequences  were:  Exon  7 
FWD  5’-GG ACCT AGT CT CTGCCTT CT ACT CT CT-3’ ;  Intron  8  REV  5’-CCCCTCCCCACACTGACA-3’,  and 
reporter  %’-FAM-CTGGCCCCCCTCAG-MGBNFQ-3’.  In  control  experiments,  this  probe  gave  a  robust  signal 
with  RNA  from  MCF-7  cells  transfected  with  a  herstatin  expression  vector,  but  not  with  control  cells.  As  shown 
in  Figure  7  (and  in  the  previous  annual  report),  we  found  that  endogenous  herstatin  mRNA  levels  were  similar 
in  an  extensive  set  of  normal,  prostate  cancer,  and  BPH  samples,  although  there  was  some  individual 
variability  and  some  samples  with  particularly  high  relative  expression.  The  average  expression  level  (Figure  8) 
was  significantly  higher  in  stage  II  and  II  prostate  cancer  than  in  normal  prostate,  while  the  apparently  higher 
level  in  BPH  was  influenced  by  one  high  outlier.  Thus,  while  herstatin  mRNA  is  present  in  normal  prostate,  its 
expression  level  was  not  decreased  in  prostate  cancer  as  we  would  have  predicted,  but,  rather,  was  somewhat 
increased.  This  trend  of  increased  expression  in  prostate  cancer  may  possibly  reflect  a  compensatory 
response  in  prostate  cancer  cells  to  prevent  transformation.  These  data  are  similar  to  recently  published 
findings  in  breast  cancer,  where  herstatin  expression  was  elevated  in  breast  tumors  vs  normal  tissue  (3). 
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Normal 

Adenocarcinoma  of  the  prostate,  stage  I 
Adenocarcinoma  of  the  prostate,  stage  II 
Adenocarcinoma  of  the  prostate,  stage  III 
Carcinoma  of  the  bladder,  stage  IV 
Hyperplasia  of  the  prostate,  BPH 


Figure  7.  Herstatin  mRNA  levels  in  normal  prostate,  prostate  cancer,  bladder  cancer,  and  BPH  samples 
by  qRT-PCR. 


FIGURE  8.  Average  herstatin  mRNA  levels  in  normal  prostate,  prostate  cancer,  and  BPH  samples  by 
qRT-PCR. 

Progress  in  support  of  task  3. 

With  the  minimal  carryover  of  funds  for  the  no-cost  extension  period,  we  were  unable  to  perform  experiments 
pertinent  to  task  3  in  addition  to  the  other  data  obtained.  These  studies  will  be  pursued  if  additional  new 
funding  is  obtained. 

Key  research  accomplishments 

>  Demonstration  of  herstatin  regulation  of  IGF  system  components  and  signaling 

>  Demonstration  of  herstatin  effects  on  basal  and  IGF-l-inhibited  apoptosis 
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>  Demonstration  of  herstatin  effects  on  insulin  signaling  and  action 

>  Characterization  of  genomic  basis  for  primate-restricted  herstatin  transcription 

>  Lentiviral  expression  of  herstatin 

>  Demonstration  of  differential  effects  of  acute  lentivirus  vs  chronic  plasmid-based  herstatin  expression 
on  presumptive  targets 

>  Demonstration  of  differential  secretion  of  herstatin  expressed  as  the  endogenous  prepeptide 

>  Demonstration  of  endogenous  herstatin  expression  at  RNA  and  protein  levels  in  a  series  of  prostate 
cancer  cell  lines  and  in  clinical  prostate  cancer  samples  and  normal  prostate  controls 

>  Demonstration  of  inhibition  of  prostate  cancer  cell  proliferation  by  recombinant  herstatin 

>  Demonstration  of  inhibition  of  EGFR  signaling  in  prostate  cancer  cells  by  recombinant  herstatin 

Reportable  outcomes 

>  Manuscript  for  submission  to  Oncogene  acknowledging  PCRP  support  (appended) 

>  Proposal  for  additional  funding  submitted  to  CLF  Medical  Technologies  Acceleration  Program,  Inc., 
through  Oregon  Health  and  Science  University 

>  Proposal  to  Oregon  Health  and  Science  University  BioScience  Innovation  Program  funded  April  2009 
for  development  of  herstatin  as  a  cancer  therapeutic  agent  (appended) 

>  Provisional  patent  file  through  Oregon  Health  and  Science  University  on  herstatin  modulation  of  IGF 
action  as  a  cancer  therapy 

>  Provisional  patent  filed  through  Oregon  Health  and  Science  University  on  use  of  herstatin  as  a  potential 
insulin  sensitizer 

Personnel  supported  by  this  award 

Charles  Roberts,  Ph.D.  (PI);  Julie  Carroll,  M.S.  (Research  Associate);  Elaine  Hart,  B.S.  (Research  Assistant). 

Conclusions 


Our  studies  supported  by  this  Idea  Development  Award  have  established  herstatin  as  a  potential  therapeutic 
agent  for  prostate  cancer  in  addition  to  other  cancers,  including  breast,  ovarian,  and  stomach  cancer,  and  have 
demonstrated  a  novel  mode  of  action  that  includes  simultaneous  targeting  of  both  the  EGFR/HER/erbB  and 
IGF-IR  families.  This  activity  profile  supports  the  potential  superiority  of  herstatin-based  therapeutics  over 
current  monoclonal  antibody  and  small-molecule  inhibitors  that  lack  this  spectrum  of  effects.  The  potential 
clinical  and  commercial  possibilities  for  therapeutic  development  of  herstatin  have  been  validated  by  our  recent 
success  in  procuring  follow-up  funding  support  that  will  enable  the  furtherance  of  the  research  initiated  through 
this  Award. 
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ABSTRACT 


Herstatin,  a  product  of  alternative  splicing  of  the  HER-2  gene,  is  comprised  of 
subdomains  I  (LI)  and  II  (SI)  of  the  HER-2  receptor  tyrosine  kinase,  followed  by  a  79- 
amino  acid  C-terminal  domain  encoded  by  intron  8.  We  have  previously  shown  that 
herstatin  binds  to  multiple  members  of  the  EGF  receptor  (EGFR/erbB/HER)  family,  and 
that  binding  to  EGFR  and  HER-2  blocks  dimerization  and  ligand  activation.  Herstatin 
also  binds  to  the  IGF-I  receptor  (IGF-IR),  which  exhibits  signaling  crosstalk,  and  contains 
regions  of  high  homology  with,  the  EGFR  family.  We  have  extended  these  findings  by 
investigating  the  effects  of  herstatin  on  IGF  system  expression  and  action  in  MCF-7 
breast  cancer  cells.  IGF-IR  expression  and  IGF-stimulated  IGF-IR  tyrosine 
phosphorylation  were  significantly  reduced  in  two  different  clones  of  herstatin-expressing 
cells.  These  effects  were  not  caused  by  herstatin-mediated  inhibition  of  the  EGFR, 
since  treatment  of  parental  MCF-7  cells  with  an  EGFR-specific  inhibitor,  AG1478,  for  up 
to  24  hours  did  not  affect  IGF-IR  levels.  Herstatin  also  inhibited  the  expression  and  IGF- 
induced  tyrosine  phosphorylation  of  IRS-1,  while  IRS-2  expression  and  activation  was 
not  affected.  Although  IGF-IR  and  IRS-1  tyrosine  phosphorylation  was  strongly  reduced, 
herstatin  did  not  inhibit,  but  stimulated,  IGF-l-mediated  ERK  activation,  and  IGF-I 
activation  of  the  PI3K-Akt/PKB  pathway  was  modestly  inhibited.  Herstatin  also  binds  to 
the  insulin  receptor,  and  constitutive  herstatin  expression  up-regulates  insulin  receptor 
expression  and  activation.  These  studies  demonstrate  that  herstatin  inhibits  both 
erbB/HER  and  IGF-IR  signaling  while  enhancing  insulin  receptor  expression  and  action. 
Together,  our  data  establish  herstatin  as  a  broad-spectrum  inhibitor  of  EGF  family  and 
IGF  action  with  potential  therapeutic  potential  in  prostate,  breast,  and  other  cancers  in 
which  both  erbB/HER  and  IGF-IR  have  been  implicated. 
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INTRODUCTION 


Receptor  tyrosine  kinases  (RTKs),  including  the  epidermal  growth  factor  receptor 
(EGFR)  and  the  insulin-like  growth  factor-1  receptor  (IGF-IR)  families,  play  critical  roles  in 
fundamental  cellular  processes.  The  EGFR  family,  which  includes  the  EGFR  (HER- 
1/erbB1),  FIER  2/neu/erbB2,  FIER-3/erbB3,  and  FIER  4/erbB4,  has  been  shown  to 
mediate  key  cellular  processes  such  as  growth  and  differentiation  (2-4).  The  IGF-IR 
family,  which  includes  the  IGF-IR,  the  insulin  receptor,  and  the  insulin  receptor-related 
receptor,  has  also  been  shown  to  participate  in  an  overlapping  array  of  biological 
processes  (5-11).  While  the  expression  and  biological  effects  of  these  receptor  families 
are  essential  for  normal  growth  and  development,  aberrant  expression  leads  to  a  variety 
of  human  cancers  (12-15). 

The  four  members  of  the  EGFR  family  each  contain  an  extracellular  ligand-binding 
domain,  a  single  transmembrane  domain,  and  a  cytoplasmic  tyrosine  kinase  domain  (16- 
18).  Eleven  ligands,  each  containing  an  EGF  core  domain,  bind  with  high  affinity  to 
these  receptors,  except  HER-2,  causing  the  formation  of  receptor  homo-  or 
heterodimers.  This  dimerization  results  in  receptor  activation  and  autophosphorylation 
of  specific  C-terminal  tyrosine  residues  (4,17,19-22),  which  enables  the  subsequent 
recruitment  and  tyrosine  phosphorylation  of  SH2-domain-containing  signaling  molecules, 
leading  to  the  initiation  of  two  major  intracellular  signaling  pathways,  the  (generally)  anti- 
apoptotic  PI3KAkt/PKB  and  mitogenic  ERK  cascades  (12,23,24). 

The  IGF-IR,  in  contrast  to  most  other  RTKs,  consists  of  a  pre-formed,  disulfide-linked, 
heterotetramer  (25,26).  Ligand  binding  to  the  extracellular  a  subunits  leads  to  a 
conformational  change  in  the  transmembrane  |3  subunits  and  autophosphorylation  of 
tyrosine  residues  in  the  catalytic  domain.  The  subsequent  phosphorylation  of  additional 
tyrosines,  particularly  in  the  juxtamembrane  domain  of  the  (3  subunit,  provides  docking 
sites  for  PTB  and  SH2-domain-containing  scaffolding/adapter  proteins,  including  the 
insulin  receptor  substrates  IRS-1  and  IRS-2.  These  adaptor  proteins  then  activate 
signaling  pathways  such  as  the  PI3K  and  ERK  cascades  that  are  also  activated  by  the 
EGFR  family  (27). 

Both  the  EGFR  and  IGF-IR  families  are  major  regulators  of  cell  growth  and  survival, 
and  dysregulation  of  either  receptor  family  can  lead  to  uncontrolled  growth  and 
tumorigenesis.  Recent  evidence  suggests  that  there  is  crosstalk  between  these  RTKs, 
which  may  allow  coordinated  control  of  cellular  responses  in  normal  and  tumor  cells 
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(reviewed  in  (1)).  Sustained  activation  of  a  mitogenic  ERK  signal  by  the  EGFR  is 
dependent  on  a  functional  IGF-IR  (28).  Recently,  the  converse  was  also  shown  to  be 
true,  in  that  activation  of  ERK  by  the  IGF-IR  requires  a  functional  EGFR  (5,29,30). 
Additionally,  it  has  been  shown  in  several  cell  types  that  IGF-I  stimulation  of  the  IGF-IR 
leads  to  activation  of  the  EGFR  and,  coordinately,  the  ERK  pathway,  through  proteolytic 
activation  and  autocrine  release  of  FIB-EGF  (30-32).  IGF-l-induced  coordinate  activation 
of  ERK  through  EGFR  and  IGF-IR  is  in  contrast  to  IGF-l-induced  activation  of  Akt,  which 
is  unaffected  by  EGFR-specific  inhibitors  (30,32).  These  data  suggest  that  crosstalk 
between  the  EGFR  and  the  IGF-IR  controls  activation  of  the  ERK  signaling  pathway,  but 
not  the  PI3K-Akt/PKB  pathway.  In  addition  to  coordination  of  signal  transduction, 
Ahmed  et  al.  have  recently  reported  that  the  EGFR  co-immunoprecipitates  with  the  IGF- 
IR  in  mammary  epithelial  cells,  and  that  phosphorylation  of  the  complexed  EGFR  is 
enhanced  by  treatment  with  IGF-I  (29).  Another  recent  study  has  described  an 
association  between  IGF-IR  and  HER-2  (X). 

Because  of  the  important  role  of  the  EGFR  family  in  malignant  growth,  extensive  effort 
has  been  directed  toward  the  development  and  characterization  of  specific  inhibitors. 
Effective  tumor  inhibition  has  been  achieved  clinically  with  inhibitors  that  antagonize  the 
EGFR  and  HER-2  (33,34).  Several  studies  suggest  that  redundant  signaling  through  the 
IGF-IR  maintains  the  activation  of  pathways  necessary  for  survival  in  the  presence  of 
EGFR  family  inhibitors.  In  vitro,  IGF-IR  signaling  in  MCF-7/HER-2  and  SKBR-3  breast 
carcinoma  cells  protects  against  inhibition  by  Herceptin,  an  anti-Her-2  monoclonal 
antibody  (35).  The  inhibitory  effects  of  AG1478,  an  EGFR  inhibitor,  can  also  be 
overcome  in  glioblastoma  multiforme  cells  by  overexpression  and  increased  signaling 
through  the  IGF-IR  (36).  Most  recently,  it  has  been  shown  in  breast  and  prostate  cancer 
cell  lines  that  acquired  resistance  to  Iressa,  a  small-molecule  EGFR  inhibitor,  occurs 
through  increased  IGF-IR  activation  and  signaling  (37,38). 

Recent  efforts  have  also  been  directed  at  targeting  the  IGF-IR  family.  Inhibition  of 
tumor  growth  with  two  IGF-IR  small-molecule  inhibitors  has  been  documented  with  solid 
tumor  xenografts  and  leukemic  malignancies  (39,40).  Specific  anti-IGF-IR  antibodies 
have  been  recently  developed  that  have  shown  efficacy  in  inhibition  of  IGF-stimulated 
proliferation  and  tumorigenesis  (41-43).  Additionally,  in  vitro  combinatorial  therapy, 
using  Herceptin  to  block  HER-2,  and  a  dominant-negative  form  of  the  IGF-IR  in  breast 
carcinoma  cells,  revealed  synergy  between  the  two  treatments  and  led  to  increased 
growth  inhibition  (44).  Recently,  a  bivalent  monoclonal  antibody  to  the  EGFR  and  IGF- 
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IR  has  been  described  (45,46).  Use  of  this  di-antibody  resulted  in  increased  growth 
inhibition  compared  to  that  achieved  with  either  anti-EGFR  or  anti-IGF-IR  antibodies 
alone  (45). 

In  this  study,  we  investigated  the  impact  of  a  cellular  pan-EGFR  family  inhibitor, 
herstatin,  on  IGF-I  signaling.  Herstatin,  the  product  of  alternative  splicing  of  the  HER-2 
gene  transcript,  consists  of  the  N-terminal  portion  of  the  HER-2  RTK,  followed  by  a  novel 
79-amino  acid  C-terminal  domain  (47).  Herstatin  is  unique  in  that  it  binds  with  nM  affinity 
to  all  members  of  the  EGFR  family  (48),  and  its  binding  to  EGFR  and  HER-2  blocks 
receptor  activation  (47,49-51).  We  have  recently  demonstrated  that  herstatin  also  binds 
with  lower  affinity  to  the  IGF-IR  compared  to  the  EGFR  (Kd~150  nM  vs  15  nM)  (48), 
presumably  to  a  site  in  the  ectodomain  that  has  homology  with  the  EGFR  (52).  We, 
therefore,  determined  the  effects  of  herstatin  on  IGF-I  signaling  system  expression  and 
signaling  in  MCF-7  mammary  carcinoma  cell  lines.  Our  data  demonstrate  that  herstatin 
action  represents  a  novel  mechanism  of  cross-regulation  of  the  EGFR  and  IGF-IR 
families. 


MATERIALS  AND  METHODS 


Cell  culture 

MCF-7  breast  carcinoma  cells  were  obtained  from  the  American  Type  Culture 
Collection  and  maintained  at  37°C/5%  C02  in  Dulbecco's  modified  Eagle's  medium 
(DMEM)  containing  10%  fetal  bovine  serum  (FBS)  and  1%  pen/strep  (Gibco).  Media 
and  supplements  were  purchased  from  Gibco  BRL-Life  Technologies  (Grand  Island, 
NY).  Herstatin-expressing  MCF-7  clones  (MCF-7/Hst  cells),  previously  characterized 
(50),  were  maintained  under  the  same  conditions  as  parental  MCF-7  cells  in  media 
supplemented  with  0.5  mg/ml  G418  sulfate. 

Antibodies 

All  primary  antibodies  were  used  at  a  1:1000  dilution  unless  otherwise  indicated. 
Polyclonal  antibodies  [IGF-IR,  IRS-1  (N-terminus)  and  PARP]  and  monoclonal  antibody 
PY20  and  were  obtained  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  Monoclonal 
ERK  1/2  and  polyclonal  pERK  1/2,  Akt/PKB,  and  IRS-1  antibodies  were  purchased  from 
Cell  Signaling  Technologies  (Boston,  MA).  Monoclonal  herstatin  and  polyclonal  IRS-2 
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antibodies  were  obtained  from  Upstate  Biotechnology  (Lake  Placid,  NY).  Polyclonal 
pAkt/PKB  antibody  was  purchased  from  BioSource  International  (Hopkinton,  MA). 

Western  immunoblotting  and  immunoprecipitation 

Cells  were  grown  to  ~80%  confluency,  serum-starved  overnight  in  DMEM,  and  treated 
with  14  nM  EGF  (Sigma)  or  5  nM  IGF-I  (GroPep,  Australia)  for  the  times  indicated.  For 
Western  blots,  cells  were  washed  twice  with  ice-cold  PBS  and  lysed  in  1XSDS  sample 
buffer  (53)  without  reducing  agent  and  boiled  for  5  min.  After  clarification  by 
centrifugation  at  13,000  rpm  for  5  min.,  supernatant  was  collected  and  protein 
concentration  was  determined  using  a  detergent-compatible  protein  assay  kit  (Bio-Rad; 
Hercules,  CA).  Dithiothreitol  (100  mM)  and  bromophenol  blue  (0.1%  (w/v))  were  then 
added  and  samples  were  boiled  again  for  5  min.  Twenty-fig  aliquots  of  protein  were 
analyzed  by  10%  SDS-PAGE  and  electrotransferred  onto  nitrocellulose  (Amersham 
Pharmacia  Biotech;  Piscataway,  NJ).  Blots  were  probed  with  a  phospho-specific 
antibody,  stripped  in  5x  stripping  buffer  (53)  and  reprobed  with  the  respective  pan 
antibody.  For  immunoprecipitation,  cells  were  washed  twice  with  ice-cold  PBS,  lysed  in 
NP-40  buffer  [1%  NP-40,  150  mM  NaCI,  10%  glycerol,  20  mM  Tris-HCI  (pH  8.0),  1  mM 
EDTA  (pH  8.0),  0.2%  SDS],  containing  protease  inhibitors  (Roche  Diagnostics; 
Indianapolis,  IN)  and  2mM  NaV04.  Lysates  were  cleared  and  protein  concentration  was 
determined  as  above.  For  IGF-IR,  1  mg  of  whole-cell  lysate  protein  was 
immunoprecipitated  with  5  pig  of  anti-IGF-IR  antibody  and  incubated  overnight  at  4°C 
while  rocking.  For  IRS-1  and  IRS-2,  500  pig  of  whole-cell  lysate  protein  was  incubated 
overnight  at  4°C  with  3  pig  antibody.  100  pil  of  protein  A-agarose  bead  slurry  (Amersham 
Pharmacia  Biotech)  was  added  for  2  hours  rocking  at  4°C.  Three  washes  were 
performed,  and  the  pellet  was  boiled  in  2x  SDS  sample  buffer  (53).  The  beads  were 
spun  down  and  the  supernatant  loaded  onto  a  10%  (IGF-IR)  or  7%  (IRS-1 12)  SDS-PAGE 
and  immunoblotted  as  above.  Blots  were  probed  with  PY20,  stripped,  and  reprobed  with 
their  respective  antibodies.  Binding  of  primary  antibodies  was  detected  by  enhanced 
chemiluminescence  (Amersham),  and  film  exposures  were  quantified  using  a  scanning 
densitometer  (Bio-Rad). 

Cellular  apoptosis 

For  determination  of  apoptosis,  cells  (3x1 04)  were  plated  in  96-well  plates  and  grown 
for  24  hrs  under  normal  culture  conditions,  incubated  in  serum-free  DMEM  for  16  hours, 
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and  treated  with  either  5  nM  IGF-I  (Gro-pep;  Adelaide,  Australia),  30ng/ml  TNF-a,  both 
IGF-I  and  TNF-a,  or  an  equivalent  volume  of  vehicle  for  24  hours.  Apoptosis  was 
measured  via  the  Cell  Death  Detection  Elisa  Plus  (Roche  Diagnostics). 

For  assessment  of  PARP  cleavage,  cells  were  seeded  into  6-well  plates  and  grown 
under  normal  culture  conditions  until  cells  were  70-80%  confluent.  Cells  were  then 
exposed  to  UV  radiation  (2400  j/m2)  by  placing  plates  on  a  UV  transilluminator  for  2  min, 
8  sec  (1XUV)  or  4  min,  16  sec  (2XUV).  Attached  and  floating  cells  were  collected  and 
lysed  for  Western  blots  as  described  above  at  24  hrs  and  48  hrs  post-UV  exposure  and 
analyzed  for  PARP  cleavage. 

EGFR  inhibitor  studies 

Control  MCF-7  cells  were  serum-starved  overnight  and  treated  with  the  EGFR 
kinase  AG1478  (Sigma)  or  vehicle  (DMSO)  for  5  min.  prior  to  the  addition  of  14  nM  EGF 
or  5  nM  IGF-I.  After  5  min.  of  growth  factor  treatment,  cell  lysates  were  prepared  and 
analyzed  for  ERK  and  Akt/PKB  activation  as  described  above. 

RESULTS 

Effect  of  herstatin  on  the  expression  of  IGF  signaling  molecules 

The  studies  described  below  demonstrate  the  effects  of  herstatin  expression  on  IGF-I 
signaling.  In  preparation  for  those  studies,  we  first  examined  the  effect  of  herstatin 
expression  on  basal  levels  of  the  signaling  molecules  comprising  the  IGF  signaling 
system.  The  expression  of  herstatin  in  MCF-7  cells  resulted  in  the  down-regulation  of 
several  components  of  the  IGF  signaling  system  (Fig.  1).  Both  IGF-IR  and  IRS-1  protein 
levels  were  decreased  5-fold,  while  IRS-2  protein  levels  were  modestly  up-regulated. 
There  was  no  apparent  difference  in  the  levels  of  total  ERK;  however,  there  was  a  shift 
from  a  preponderance  of  ERK1  to  ERK2,  as  well  as  an  increase  in  the  apparent  size  of 
ERK1 .  Akt/PKB  levels  were  modestly  affected,  with  an  average  2-fold  decrease  seen  in 
herstatin-expressing  cells. 

Effect  of  herstatin  on  IGF-IR  activation 

To  evaluate  the  effect  of  herstatin  on  activation  of  the  IGF-IR  by  IGF-I,  we  examined 
tyrosine  phosphorylation  of  IGF-IR  immunoprecipitated  from  IGF-l-treated  MCF-7  and 
MCF-7/Hst  cells.  In  MCF-7  cells,  IGF-I  robustly  stimulated  IGF-IR  tyrosine 
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phosphorylation,  which  represents  the  initial  autophosphorylation  stage  of  IGF-IR 
activation.  In  MCF-7/Hst  cells,  however,  there  was  only  a  small  increase  in  IGF-IR 
phosphorylation,  which  corresponds  to  an  approximately  8-fold  reduction  in  activation 
(Fig.  2).  This  decreased  activation  reflects,  in  part,  the  decrease  in  IGF-IR  expression 
consistently  seen  in  herstatin-expressing  cells  (see  Fig.  1),  as  well  as  diminished 
tyrosine  phosphorylation  (Fig.  2).  Reduced  IGF-IR  expression  and  activation  by  IGF-I 
(and  IGF-II)  were  also  observed  in  a  second  clonal  line  of  herstatin-expressing  cells 
(data  not  shown). 

IGF-I  activation  of  IRS- 1  and  IRS-2 

To  further  investigate  the  effects  of  herstatin  expression  on  IGF-l-mediated  signaling,  we 
examined  the  activation  of  IRS-1  and  IRS-2,  signaling  molecules  immediately 
downstream  of  the  IGF-IR.  IGF-l-induced  phosphorylation  of  IRS-1  was  severely 
reduced  in  MCF-7/Hst  cells  compared  to  control  cells  (Fig.  3A  &  B).  This  decreased 
tyrosine  phosphorylation  of  IRS-1  was  a  result  of  both  decreased  expression  of  IRS-1 
(~5-fold;  see  Figure  1),  as  well  as  an  apparent  6-  fold  decrease  in  the  efficiency  of  IRS-1 
immunoprecipitation  in  herstatin-expressing  cells.  This  reduction  in  the  amount  of  IRS-1 
immunoprecipitated  from  herstatin-expressing  cells  was  also  seen  with  a  second,  N- 
terminally  directed  IRS-1  antibody  (data  not  shown).  Together,  the  combined  effects  of 
decreased  IRS-1  expression  and  immunoprecipitation  efficiency  resulted  in  an  ~30-fold 
difference  in  the  amount  of  IRS-1  in  immunoprecipitates  from  control  and  herstatin- 
expressing  cells.  This  was  similar  to  the  difference  in  tyrosine-phosphorylated  IRS-1 ; 
therefore,  the  decrease  in  IRS-1  protein  immunoprecipitated  from  herstatin-expressing 
cells  was  equivalent  to  the  decrease  in  IRS-1 -associated  phosphotyrosine.  Thus,  the 
relative  activation  of  IRS-1  was  similar  in  control  and  herstatin-expressing  cells.  In 
contrast,  the  levels  of  activated  (tyrosine-phosphorylated)  IRS-2  were  slightly  increased 
in  herstatin-expressing  cells,  which  was  proportional  to  the  slight  increase  in  IRS-2 
protein  seen  in  herstatin-expressing  cells  (Fig.  3  C  &  D  &  Fig.  1). 

IGF-I  activation  of  ERK  and  PKB 

Herstatin  has  been  shown  to  differentially  affect  ERK  pathway  activation.  Specifically, 
herstatin  had  no  effect  on  EGF  or  TGF-a-stimulated  ERK  activation  in  3T3  cells  over¬ 
expressing  EGFR  (49),  but  did  inhibit  heregulin  activation  of  ERK  in  MCF-7  cells  (50) 
and  EGF  activation  of  ERK  in  U87MG  cells  (54).  Herstatin  expression  did  not  inhibit 
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overall  activation  of  the  ERK  signaling  pathway  in  IGF- 1 -treated  MCF-7  cells.  ERK 
phosphorylation  was  rapid  and  transient,  with  a  maximal  response  at  5  minutes  in 
parental  cells.  In  herstatin-expressing  cells,  the  timing  of  the  maximal  response  was  the 
same,  but  the  amplitude  of  total  ERK  activation,  indicated  by  enhanced  phospho-ERK, 
was  enhanced  several-fold  (Fig.  4).  Interestingly,  we  observed  a  specific  stimulation  of 
ERK2,  while  there  was  no  change  in  the  activation  of  ERK1.  Furthermore,  we 
consistently  observed  an  increase  in  the  apparent  size  of  ERK1 .  This  may  correspond 
to  the  appearance  of  an  ERK1  splice  variant,  or  a  post-translational  modification  (55-57). 
In  contrast,  IGF-I  activation  of  the  PI3K  pathway,  as  assessed  by  the  overall  level  of 
Akt/PKB  phosphorylation,  was  reduced  by  2-fold  in  MCF-7/Hst  cells  (Fig.  5).  This  effect 
is  similar  to  the  previously  reported  inhibition  of  EGF  and  heregulin-stimulated  Akt/PKB 
activation  in  3T3  and  MCF-7  cells  (49,  50,  54).  Thus,  herstatin  expression  did  not 
reduce,  but  enhanced,  ERK2  signaling,  but  attenuated  the  anti-apoptotic  Akt/PKB 
signaling  cascade.  Similar  effects,  i.e.,  enhanced  ERK2  activation  and  decreased 
Akt/PKB  activation,  were  also  seen  in  a  second,  independent  herstatin-expressing  MCF- 
7  clone  (data  not  shown). 

Herstatin  increases  basal  apoptosis  and  inhibits  IGF-I  protection  from  apoptosis 
Previous  studies  have  shown  that  stable  expression  of  herstatin  in  MCF-7  cells  blocked 
heregulin-stimulated  proliferation  (50).  The  inhibition  of  IGF-IR  signaling  observed  in 
herstatin-expressing  cells  suggested  that  herstatin  may  also  interfere  with  IGF-I- 
mediated  growth  and  survival.  To  further  investigate  the  effect  of  herstatin  on  IGF-I 
action,  we  assessed  the  potential  effects  of  herstatin  on  IGF-I  action.  Control  MCF-7 
cells  exhibited  a  modest  response  to  IGF-I  in  terms  of  proliferation,  making  a 
determination  of  the  effects  of  herstatin  on  this  parameter  difficult.  Expression  of 
herstatin  reduced  IGF-I  inhibition  of  serum-starvation  induced  apoptosis  (30%  decrease 
vs  70%;  Figure  6).  Additionally,  the  absolute  level  of  basal  apoptosis  was  greater  in 
herstatin-expressing  cells,  and  this  was  associated  with  increased  cleavage  of  PARP 
(Figure  6). 

Herstatin  blocks  EGF  signaling 

A  number  of  studies  have  demonstrated  that  the  EGFR  is  involved  in  IGF-I  signaling  (1, 
5,  29-32).  Therefore,  the  observed  effects  on  IGF-I  signaling  may  have  been  an  indirect 
effect  of  herstatin-mediated  inhibition  of  the  EGFR.  To  determine  whether  EGF- 
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stimulated  signaling  was  attenuated  by  herstatin,  we  compared  the  ability  of  EGF  to 
activate  the  ERK  and  PI3K-Akt/PKB  cascades  in  control  and  herstatin-expressing  MCF- 
7  cells.  As  shown  in  Fig.  7,  EGF  treatment  of  control  cells  elicited  robust  ERK  and 
Akt/PKB  phosphorylation,  which  was  severely  reduced  in  cells  expressing  herstatin. 
These  data  demonstrate  that  herstatin  blocks  both  heregulin  and  EGF-stimulated 
signaling  in  MCF-7  cells. 

Effect  of  EGFR  inhibition  on  IGF-IR  expression 

Herstatin  expression  had  a  striking  effect  on  the  levels  of  the  IGF-IR.  To  determine  if  the 
observed  effects  of  herstatin  on  IGF-IR  levels  were  an  indirect  result  of  decreased  EGFR 
action,  we  investigated  whether  specific  inhibition  of  EGFR  mimicked  the  effects  of 
herstatin.  Treatment  with  the  EGFR  inhibitor,  AG1478,  prevented  EGF-stimulated 
activation  of  ERK  (data  not  shown).  However,  neither  short-term  nor  long-term 
treatment  with  AG1478  resulted  in  the  down-regulation  of  IGF-IR  levels  that  was  seen  in 
herstatin-expressing  cells  (Fig.  8). 


DISCUSSION 

An  understanding  of  the  effects  of  herstatin,  an  autoinhibitor  of  the  EGFR  family,  on 
IGF-I  signaling  is  critical  to  defining  the  overall  mode  of  action  of  herstatin  and  to  further 
clarify  the  mechanisms  that  link  the  actions  of  these  two  important  RTK  families.  We 
have  previously  shown  that  herstatin  blocks  heregulin  signaling  and  proliferation  in  MCF- 
7  cells  (50).  This  study  shows  that  EGF  signaling  is  also  blocked  in  these  cells.  To 
further  assess  the  interplay  between  herstatin  and  the  IGF-IR,  initially  suggested  by 
binding  of  herstatin  at  nM  concentrations  to  the  ectodomain  of  the  IGF-IR  (47),  we 
examined  IGFI  signaling  and  proliferation  in  MCF-7  breast  carcinoma  cells  in  which 
signaling  through  the  EGFR  family  is  disabled. 

We  found  a  striking  effect  of  herstatin  expression  on  several  aspects  of  IGF-I  signaling. 
Foremost,  herstatin  expression  resulted  in  down-regulation  of  IGF-IR  expression  and  an 
8-fold  decrease  in  IGF-l-induced  IGF-IR  tyrosine  phosphorylation  (Fig  1  and  2). 
Herstatin  expression  also  resulted  in  a  striking  decrease  in  IRS-1  activation,  which  is 
immediately  downstream  of  the  IGF-IR  in  the  IGF-I  signaling  pathway  (Fig  3).  Most 
importantly,  this  altered  signaling  was  associated  with  inhibition  of  IGF-I  inhibition  of 
apoptosis  in  herstatin-expressing  MCF-7  cells  (Fig.  6). 
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In  contrast  to  the  blockade  of  EGF  and  heregulin-induced  ERK  activation,  IGF-I 
stimulation  of  ERK  was  not  inhibited,  even  though  IGF-IR  levels  were  reduced  several 
fold  (Fig.  4).  Therefore,  the  extent  of  IGF-IR  activation  did  not  parallel  the  effects  on  the 
downstream  ERK  signaling  cascade.  Thus,  the  low  levels  of  activated  IGF-IR  appeared 
to  be  sufficient  to  fully  activate  ERK  signaling.  Although  ERK1  activation  was 
unaffected,  we  observed  a  shift  in  the  size  of  ERK1  in  herstatin-expressing  cells.  We 
speculate  that  this  size  shift  may  be  due  to  alternative  splicing  of  the  ERK1  gene,  and 
may  represent  the  ERKIb  splice  variant,  which  is  2.6  kDa  larger  than  ERK1  (55-57). 
ERKIb  has  an  altered  ability  to  interact  with  MEK1  and  may,  therefore,  result  in  a 
differential  signaling  profile  (56).  Interestingly,  in  herstatin-expressing  cells,  we  also 
observed  a  preferential  activation  of  ERK2  relative  to  ERK1  (Fig  3).  Recent  studies 
have  implicated  activation  of  ERK2,  but  not  ERK1,  in  apoptosis  (58-61).  Therefore,  the 
preferential  activation  of  ERK2  in  herstatin-expressing  cells  may  contribute  to  the  loss  of 
IGFI-mediated  inhibition  of  apoptosis  demonstrated  in  Fig.  6. 

The  effects  of  herstatin  expression  on  the  signaling  factors  immediately  downstream  of 
the  IGF-IR,  IRS-1  and  IRS-2,  were  complex  and  distinct.  Herstatin  reduced  both  IRS-1 
expression  and  immunoprecipitation  efficiency,  with  a  concomitant  decrease  in  IGF-I- 
stimulated  tyrosine  phosphorylation  (Fig  1  and  Figure  3  A  &  B).  The  mechanisms 
responsible  for  the  two  former  effects  are  unclear.  With  respect  to  the  differential 
immunoprecipitation  of  IRS-1  in  control  vs  herstatin-expressing  cells,  it  is  possible  that 
herstatin  alters  the  subcellular  localization  or  association  pattern  of  IRS-1,  such  that  the 
availability  of  IRS-1  to  interact  with  multiple  antibodies  is  attenuated.  One  possibility  is 
that  nuclear  translocation  of  IRS-1,  which  has  been  observed  in  multiple  cell  types, 
including  MCF-7  cells,  is  affected  by  herstatin  expression  (62).  In  contrast,  herstatin 
expression  did  not  significantly  affect  expression  or  activation  of  IRS-2.  The  differential 
enhancement  of  IGF-l-stimulated  IRS-1  and  IRS-2  activation  by  herstatin  may  reflect  the 
fact  that  feedback  mechanisms,  such  as  patterns  of  inhibitory  serine  phosphorylation, 
differ  between  IRS-1  and  IRS-2  (63).  Interestingly,  previous  studies  have  shown  that 
IRS-1,  but  not  IRS-2,  is  important  in  IGF-l-mediated  inhibition  of  apoptosis  (64),  an  effect 
that  may  underlie  the  inhibitory  effects  of  herstatin  on  cell  viability  seen  in  the  current 
study.  Combinatorial  effects  of  herstatin  expression  that  include  decreased  expression 
and  activation  of  the  IGF-IR  and  its  immediate  downstream  signaling  molecule,  IRS-1, 
reduction  in  activation  of  Akt,  and  an  increase  in  activation  of  ERK2,  may  all  contribute  to 
the  retarded  growth  of  herstatin-expressing  MCF-7  cells  (Fig.  5). 
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There  are  several  potential  mechanisms  through  which  herstatin  may  modulate  IGF-IR 
signal  transduction  and,  thereby,  IGF-I  action.  First,  herstatin  may  directly  bind  to 
intracellular  IGF-IR  in  the  secretory  pathway;  alternatively,  secreted  herstatin  may 
interact  at  the  cell  surface,  since  we  have  previously  determined  that  it  binds  to  the 
ectodomain  of  the  IGF-IR  with  nanomolar  affinity  (48).  However,  since  herstatin  binds  to 
all  EGFR  family  members,  and  with  higher  affinity  than  to  IGF-IR,  the  impact  of  herstatin 
on  IGF-I  signaling  may  be  indirect  and  needs  to  be  further  investigated  in  cells  that  do 
not  express  the  EGFR  family. 

A  second  possibility  is  that  the  modulation  of  IGF-I  signaling  is  a  secondary  effect  due 
to  blockade  of  EGFR  family  signaling.  Ample  evidence  exists  for  an  IGF-l-stimulated 
autocrine  loop  that  results  in  the  release  of  heparin-binding  EGF  (HB-EGF)  and, 
consequently,  in  the  activation  of  the  EGFR  (32).  To  examine  whether  the  effect  of 
herstatin  on  down-regulation  of  the  IGF-IR  occurs  via  the  EGFR,  we  blocked  EGFR 
activation  (using  the  EGFR-specific  kinase  inhibitor,  AG1478)  in  parental  MCF-7  cells. 
While  the  inhibitor  fully  blocked  EGF-induced  ERK  activation  (data  not  shown),  it  failed 
to  mimic  herstatin-mediated  down-regulation  of  the  IGF-IR  (Fig.  8).  However,  we  cannot 
rule  out  the  possibility  that  longer-term  effects  of  herstatin  expression  are  involved,  or 
that  modulation  of  the  other  members  of  the  EGFR  family  indirectly  affects  IGF-I 
signaling. 

A  third  possibility  is  that  herstatin  may  modulate  the  formation  of  hetero-oligomers 
between  the  IGF-I  and  EGF  receptors.  Recent  evidence  suggests  that  the  EGFR  is 
present  in  IGF-IR  immunoprecipitates,  suggesting  the  interesting  possibility  that  herstatin 
may  disrupt  EGFR/IGF-IR  hetero-oligomers  (29).  Regardless  of  whether  this 
mechanism  entails  a  direct  or  indirect  effects  of  herstatin  on  the  IGF-IR,  the  results 
presented  here  demonstrate  a  profound  modulation  of  IGF-I  signaling  by  an  alternative 
product  of  the  HER-2  gene. 

The  roles  of  both  the  EGFR  and  IGF-IR  families  in  neoplastic  growth  and  malignancies 
have  been  well  documented.  Over-expression  and  autocrine  stimulation  of  both 
receptor  families  and  their  ligands  has  been  implicated  in  a  variety  of  carcinomas  (65- 
69).  Acquired  resistance  to  Iressa,  an  EGFR  inhibitor,  in  breast  and  prostate  cancer 
cells  is  mediated  by  activation  and  signaling  of  the  IGF-IR  (37,38).  Furthermore,  IGF-IR 
signaling  has  been  shown  to  protect  HER-2-overexpressing  breast  carcinoma  cells  from 
the  inhibitory  effects  of  Herceptin,  an  anti-HER-2  monoclonal  antibody  (35).  Thus, 
therapeutic  strategies  that  are  directed  at  both  of  these  signaling  systems  would  be 
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expected  to  have  significant  advantages  over  those  that  target  a  single  growth  factor 
pathway.  Our  data  suggest  that  herstatin  is  an  inhibitor  that  may  block  proliferative 
signals  from  two  distinct  families  of  RTKs. 

The  data  obtained  in  this  study  were  obtained  with  MCF-7  cells  and  were  based  on 
two  independent  herstatin-expressing  clones  in  comparison  to  control  cells.  Although 
MCF-7  cells  are  a  valuable  and  established  model  for  the  study  of  cellular  regulatory 
mechanisms  relevant  to  breast  cancer,  it  will  be  desirable  to  extend  these  results  to 
other  cell  types.  Constitutive  expression  of  herstatin  is,  however,  toxic  to  most  other 
cells  that  we  have  analyzed;  thus,  further  studies  will  be  facilitated  by  exploiting 
conditional,  regulated  expression  models  that  we  are  currently  developing. 

Current  receptor-directed  therapeutics  are  typically  targeted  at  a  single  receptor  or 
receptor  family,  which  may  explain,  in  part,  their  limited  clinical  efficacy.  Recently,  a 
hetero-bi-functional  monoclonal  antibody  that  targets  both  the  EGFR  and  IGF-IR  was 
found  to  block  both  EGF  and  IGF-l-induced  activation  of  Akt/PKB  and  ERK,  resulting  in 
strong  inhibition  of  xenograft  growth  (45,46).  We  suggest  that  herstatin  may  have 
significant  promise  as  a  novel  anti-cancer  agent,  since  it  acts  as  a  multi-functional 
inhibitor  that  suppresses  signaling  from  both  the  EGFR  and  IGF-IR  families. 
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FIGURE  LEGENDS 


Figure  1.  Effect  of  herstatin  expression  on  the  expression  levels  of  IGF  signaling 
proteins.  Sub-confluent  MCF-7  and  MCF-7/Hst  cells  were  extracted  and  signaling 
protein  levels  were  assessed  by  Western  blot. 

Figure  2.  Herstatin  modulation  of  IGF-I  activation  of  the  IGF-IR.  MCF-7  and  MCF- 
7/Hst  cells  were  serum-starved  overnight,  treated  with  5  nM  IGF-I  over  a  60-minute  time 
course,  and  harvested  in  NP-40  lysis  buffer.  1  mg  of  cell  lysate  was  immunoprecipiated 
with  an  IGF-IR  antibody  and  protein  A-agarose  beads.  Immunoprecipitates  were 
separated  on  a  10%  SDS-PAGE  gel  and  analyzed  for  IGF-IR  expression  and  tyrosine 
phosphorylation  using  anti-IGF-IR  and  PY20  anti-phosphotyrosine  antibodies, 
respectively.  Western  blots  were  scanned  and  quantified  by  densitometry.  (A) 
Representative  Western  blot  of  IGF-IR  immunoprecipitated  from  IGF-l-treated  MCF-7 
and  MCF-7/Hst  cells.  (B)  A  graphical  representation  of  two  independent  experiments  of 
IGF-l-induced  activation  of  the  IGF-I  receptor. 

Figure  3.  Effect  of  herstatin  on  IGF-I  activation  of  IRS-1  and  IRS-2.  MCF-7  and 
MCF-7/Hst  cells  were  serum-starved  overnight,  treated  with  5  nM  IGF-I  over  a  60-minute 
time  course,  and  harvested  in  NP-40  lysis  buffer.  1  mg  of  cell  lysate  was 
immunoprecipitated  with  IRS-1  (A  &  B)  or  IRS-2  (C  &  D)  antibodies  and  protein  A- 
agarose  beads.  Immunoprecipitates  were  separated  on  a  10%  SDS-PAGE  gel  and 
analyzed  for  IRS  expression  and  tyrosine  phosphorylation.  Western  blots  were  scanned 
and  quantified  by  densitometry.  (A)  Representative  IRS-1  immunoprecipitation  and 
analysis  with  antiphosphotyrosine  PY20  antibody.  Both  light  and  dark  exposures  of  the 
IRS-1  immunoprecipitation  are  shown.  (B)  Graphical  representation  of  3  separate 
experiments.  (C)  Representative  IRS-2  immunoprecipitation  and  analysis  with  anti¬ 
phosphotyrosine  PY20  antibody.  (D)  Graphical  representation  of  3  separate 
experiments. 

Figure  4.  Effect  of  herstatin  on  IGF-I  activation  of  ERK.  MCF-7  and  MCF-7/Hst  cells 
were  serum-starved  and  treated  with  5  nM  IGF-I  at  37eC  over  a  60-minute  time  course. 
Cell  lysates  (50  p,g)  were  separated  on  a  10%  SDS-PAGE  gel  and  then  analyzed  by 
Western  blotting  with  ERK  and  phospho-ERK  antibodies.  (A)  Representative  Western 


19 


blot  showing  IGF-l-induced  ERK  activation  in  MCF-7  and  MCF-7/Hst  cells.  (B) 
Graphical  representation  of  3  separate  experiments. 

Figure  5.  Effect  of  herstatin  on  IGF-I  activation  of  Akt/PKB.  MCF-7  and  MCF-7/Hst 
cells  were  serum-starved  and  treated  with  5nM  IGF-I  at  37QC  over  a  60-  minute  time 
course.  Cell  lysates  (50  pg)  were  separated  on  a  10%  SDS-PAGE  gel  and  then 
analyzed  by  Western  blotting  with  Akt  and  phospho-Akt  antibodies.  Western  blots  were 
scanned  and  quantified  by  densitometry.  (A)  Representative  Western  blot  showing  IGF- 
l-induced  Akt/PKB  activation  in  MCF-7  and  MCF-7/Hst  cells.  (B)  Graphical 
representation  of  3  separate  experiments. 

Figure  6.  Effect  of  herstatin  on  basal  and  IGF-l-inhibited  apoptosis.  MCF-7  and 
MCF-7/Hst  cells  were  serum-starved  for  24  hours  and  then  treated  with  5  nM  IGF-I  or 
vehicle.  Apoptosis  was  determined  by  a  cell  death  ELISA  assay  as  described  in 
Materials  and  Methods  and  was  assessed  after  48  hrs  (upper  panel).  PARP  cleavage 
was  assessed  by  western  immunoblotting  (lower  panel). 

Figure  7.  Effect  of  herstatin  on  EGF-stimulated  signaling.  MCF-7  and  MCF-7/Hst 
cells  were  serum-starved  and  treated  with  5  nM  EGF  at  37eC  for  the  times  indicated. 
Cells  were  lysed,  and  lysates  were  run  on  a  10%  SDS-PAGE  gel  and  ERK  and  Akt 
activation  were  analyzed  by  Western  blotting  as  described  in  the  legends  to  Figures  3 
and  4.  Western  blots  were  scanned  and  quantified  by  densitometry.  (A)  Effect  of 
herstatin  expression  on  EGF-induced  ERK  activation.  (B)  Effect  of  herstatin  expression 
on  EGF-induced  Akt/PKB  activation. 

Figure  8.  Effect  of  AG1478  on  IGF-IR  expression.  MCF-7  cells  were  treated  with 
AG1478  for  the  times  indicated.  Cells  were  lysed  and  lysates  were  run  on  a  10%  SDS- 
PAGE  gel  and  analyzed  by  Western  blot. 
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Figure  1 
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Figure  3 
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Figure  4, 
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Figure  5 
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Figure  7, 
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I.  Background 

a.  One  page  or  less 

Breast  and  prostate  cancer  represent  the  second  and  first  most  common  types  of  non-skin 
cancers  in  women  and  men,  respectively,  and  result  in  over  50,000  deaths  annually  in  the  US. 
Current  therapies  for  breast  cancer,  in  particular,  target  the  estrogen  receptor  and  the  EGFR 
family  of  proteins  that  are  found  on  the  surface  of  cancer  cells.  The  EGFR  family  includes  the 
EGFR,  HER2,  HER3,  and  HER4  receptor  tyrosine  kinases,  and  is  also  implicated  in  prostate 
and  lung  cancer.  The  HER2  gene  in  particular  is  amplified  in  certain  luminal  breast  cancers, 
and  the  EGFR  is  over-active  in  the  particularly  malignant  basal-like  category  of  breast  cancer. 
EGFR  and  HER2  are  the  targets  of  the  monoclonal  antibodies  Herceptin  and  the  small-molecule 
tyrosine  kinase  inhibitors  (TKIs)  Iressa  and  Tarceva,  all  of  which  are  in  clinical  use.  The  efficacy 
of  these  treatments  is  modest,  however,  in  that  they  only  extend  survival  by  a  few  months,  and 
only  in  conjunction  with  chemotherapy.  This  is  because  they  inhibit  EGFR  and  HER2,  but  not 
HER3,  which  is  responsible  for  the  tumorigenic  effects  of  EGFR  and  HER2  through  the 
formation  of  EGFR/HER3  and  HER2/HER3  complexes  in  tumor  cells.  HER3  itself  is  not 
amenable  to  TKI  drugs  since  it  lacks  intrinsic  kinase  activity.  In  other  words,  these  drugs  do  not 
attack  a  wide  enough  range  of  targets  to  be  sufficiently  effective. 

Herstatin  is  an  alternative  product  of  the  HER2  gene,  originally  described  Dr.  Gail  Clinton  of 
OHSU  in  1999.  Herstatin  is  produced  by  the  retention  of  intron  8  of  the  HER2  gene.  As  a 
result,  a  secreted  protein  comprised  of  the  N-terminal  portion  of  the  HER2  extracellular  domain 
(ECD)  and  a  unique  intron  8-specified  C-terminal  domain  is  generated.  Previous  work  has 
shown  that  this  intron-encoded  domain  is  able  to  bind  to  all  of  the  members  of  the  EGFR  family. 
Expression  of  herstatin  in  MCF-7  human  breast  cancer  cells  reduces  EGFR,  HER3,  and  HER4 
expression  and  EGF  ligand-stimulated  cell  growth  and  survival.  More  importantly,  exposure  of 
breast  cancer  cells  to  exogenous  recombinant  herstatin  also  reduces  expression  of  EGFR 
family  members  and  inhibits  growth  in  vitro.  The  utility  of  herstatin  as  a  novel  cancer  therapy  is 
most  directly  demonstrated  by  data  showing  that  injection  of  recombinant  herstatin  into  mice 
inhibits  the  growth  of  xenografts  of  human  prostate,  ovarian,  and  stomach  cancer  cells. 

Subsequent  work  in  collaboration  with  Dr.  Roberts  demonstrated  that  herstatin  also  binds  to 
and  inhibits  the  expression  of  the  IGF-I  receptor  (IGF-IR),  and  prevents  IGF-stimulated  IGF-IR 
activation  and  action.  The  significance  of  these  findings  is  that  the  IGF-I  system  has  also  been 
implicated  in  numerous  human  cancers,  including  breast,  lung,  prostate,  and  colon,  and  there  is 
substantial  evidence  for  crosstalk  between  the  IGF-IR  and  both  EGFR  and  HER2  at  the 
molecular  level.  Specifically,  activation  of  the  IGF-IR  contributes  to  resistance  to  EGFR/HER2- 
directed  TKIs  in  lung  cancer,  while,  conversely,  EGFR  or  HER2  activation  induces  resistance  to 
an  IGF-IR  TKI  in  breast  cancer  cells.  These  data  support  the  idea  that  inhibition  of  both  the 
EGFR/HER  and  IGF-IR  systems  is  desirable.  Herstatin,  therefore,  represents  a  novel,  bi¬ 
functional  inhibitor  of  the  EGFR/HER  and  IGF-IR  pathways  that,  individually  and  collectively,  are 
thought  to  drive  the  development  and  progression  of  multiple  human  cancers. 

The  advantages  of  herstatin  as  an  alternative  to  current  therapies  are  that:  1 )  herstatin  is  a 
naturally  occurring  protein  that  probably  serves  as  an  endogenous  inhibitor  of  growth  factor 
action;  2)  by  inhibiting  EGFR,  HER2,  and  HER3,  it  may  exhibit  greater  efficacy  than  the  TKIs 
now  employed,  principally  through  it’s  ability  to  inhibit  HER3  as  well  as  EGFR  and  HER2;  and  3) 
by  co-targeting  both  the  EGFR/HER  and  IGF  signaling  systems,  it  represents  a  single-agent 
mechanism  that  may  be  more  effective  than  combinations  of  antibodies  and  TKIs  that  target 
these  systems  separately.  It  is,  of  course,  possible  that  herstatin  may  enhance  the  utility  of 
existing  EGFR/HER  and  IGF-IR-specific  drugs. 
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BSIF  funding  will  enable  the  performance  of  the  necessary  pre-clinical  studies  that  will 
establish  the  utility  of  herstatin  as  a  new  cancer  therapy,  and  will  allow  its  development  to  the 
point  at  which  it  will  be  attractive  to  licensees  or  investors. 

II.  Description  of  Proposed  Research 
a.  One  page  or  less 

The  overall  goal  of  this  effort  is  to  optimize  the  synthesis  of  herstatin  or  a  smaller  version  and 
to  validate  efficacy  in  an  accepted  preclinical  model  (i.e.,  inhibition  of  tumorigenecity  in 
xenograft  and/or  innate  cancer  models  in  mice.  This  data  will  serve  as  the  impetus  for  outside 
investment  that  will  enable  production  of  lead  compounds  for  clinical  trials.  Previous  work  at 
OHSU  and  at  Receptor  Biologix  employed  full-length  herstatin  protein  produced  in  an  insect  cell 
system.  This  approach  was  hampered  by  the  aggregation  of  herstatin,  which  necessitates  the 
purification  of  the  small  proportion  of  monomeric  material.  An  additional  issue  is  the  extent  of 
appropriate  post-translational  modification  that  was  achieved  in  this  heterologous  system,  which 
could  have  influenced  biological  activity.  A  separate  concern  is  the  lack  of  understanding  of  the 
potential  efficacy  of  smaller  versions  of  herstatin  that  would  be  simpler  to  produce  or  which  may 
be  amenable  to  mimicking  by  small  molecule/chemical  biology  approaches. 

Our  proposed  initial  studies  will  address  these  issues  by  generating  recombinant  herstatin  in 
mammalian  cells  as  well  as  synthesizing  protein  fragments  of  herstatin  corresponding  to  the 
intron  8-encoded  domain.  The  efficacy  of  the  recombinant  material  will  be  assessed  in  vitro 
using  transwell  co-culture  of  herstatin-producing  cells  and  a  collection  of  cancer  cell  lines;  the 
latter  will  be  assessed  for  inhibition  of  EGFR  family  and  IGF-IR  action  as  well  as  cellular  growth 
and  resistance  to  programmed  cell  death.  The  activity  of  intron  8  domain  synthetic  peptides  will 
be  assessed  similarly.  If  the  smaller  peptides  are  not  sufficiently  active,  we  will  produce  and 
analyze  recombinant  herstatin  fragments  comprised  of  the  intron  8  domain  and  progressively 
larger  portions  of  the  HER2  ECD  component  in  order  to  obtain  the  smallest  version  of  herstatin 
that  exhibits  the  desired  activity  in  vitro.  These  studies  will  be  completed  in  the  first  year.  The 
specific  experimental  approaches  are  detailed  below: 

1 .  Generate  lentivirus  vectors  containing  a  TPA  signal  sequence-herstatin-Sumo-FLAG 
fusion  cassette  and  infect  EGFRvI -expressing  cos7  cells.  The  TPA  signal  sequence  will  result 
in  efficient  secretion,  the  Sumo  fusion  will  facilitate  correct  folding  of  herstatin  and  is  removable 
using  Sumo  protease,  the  EGFRvI -expressing  cells  will  be  resistant  to  the  herstatin  produced 
(this  mutant  EGFR  can  drive  cos7  cell  proliferation  for  protein  production,  but  is  not  inhibited  by 
herstatin),  and  the  FLAG  tag  will  facilitate  detection  and  purification  from  conditioned  media. 

2.  Herstatin-expressing  cells  will  be  co-cultured  with  various  human  cancer  cell  lines  to 
assess  effects  on  growth  and  other  parameters. 

3.  Recombinant  herstatin  will  be  isolated  from  media,  processed  and  tested  on  cancer  cell 
lines  to  verify  activity  of  the  purified  material. 

4.  Synthetic,  79-amino  acid  intron  8  protein  and  smaller  fragments  will  be  purchased  and 
tested  for  inhibitory  activity  in  cancer  cell  lines  in  vitro. 

5.  If  necessary,  lentivirus  cassettes  will  be  designed  that  encode  fusions  of  fragments  of  the 
herstatin  N  and  C-terminal  domains  to  be  tested  as  in  approaches  1  and  2.  Approaches  4  and  5 
will  be  informed  by  molecular  modeling  in  collaboration  with  our  OHSU  colleague  Dr.  Thomas 
Scanlan. 

Our  anticipated  goals  for  year  2  will  be  to  produce  lead  versions  of  herstatin  in  sufficient 
quantity  to  be  employed  in  mouse  xenograft  studies  or  in  innate  mouse  cancer  models.  These 
studies  will  be  done  in  collaboration  with  Dr.  Roberts’  colleague  at  the  University  of  Washington, 
Dr.  Stephen  Plymate,  who  is  expert  in  mouse  tumorigenesis  studies.  Simultaneously,  additional 
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modification  or  derivitization  of  lead  versions  will  be  performed  and  in  vitro  evaluation  done  prior 
to  assessment  in  vivo.  Potential  modeling  of  small-molecule  analogs  of  suitably  sized, 
biologically  active  herstatin  fragments  will  be  done  in  collaboration  with  our  OHSU  colleague  Dr. 
Ujwal  Shinde. 

b.  Summarize  with  research  hurdles  and  result  needed  to  clear  the  hurdle 

Year-1  goals  include  the  generation  and  analysis  of  native  herstatin  using  a  mammalian 
expression  system  and  the  assessment  of  activity  of  herstatin  fragments  as  an  alternative  to  full- 
length  herstatin. 


Hurdle 


Positive  outcome 


Lentiviral  vector  design 
Purification  of  recombinant  protein 
Demonstration  of  biological  activity 


Activity  of  intron  8-encoded  domain 
Activity  of  herstatin  fragments 


Production  of  herstatin  in  infected  cells 
Recovery  of  herstatin  from  culture  media 
Inhibition  of  EGFR/HER  and  IGF-IR-stimulated 
growth  of  cancer  cells  in  co-culture  or  with  purified 
protein 

Above  activity  seen  with  79-amino  acid  intron  8 
peptide  or  smaller  versions 
Design,  expression,  and  activity  assessment  of 
combinations  of  intron  8  domain  with  portions  of 
HER2 ECD 


III.  Commercialization  Milestones 

a.  One  page  or  less 

b.  Commercial  potential 

Based  upon  its  probable  targets,  the  likely  market  for  herstatin  is  a  proportion  of 
patients  with  breast,  prostate,  lung,  and  potentially  other  cancers,  such  as 
glioma,  head  and  neck,  endometrial,  and  ovarian.  The  current  providers  include 
Genentech  (Herceptin  and  Tarceva),  Astra-Zeneca  (Iressa),  GlaxoSmithKline 
(Lapatinib),  and  Imclone  (Erbitux),  whose  collection  of  monoclonal  antibody  and 
TKI  treatments  produced  approached  $6  billion  in  sales  in  2007.  It  is  likely  that 
the  focus  of  R&D  will  remain  on  these  classes  of  drugs,  which  will  continue  to  be 
most  effective  in  combination  with  chemotherapy. 

c.  Commercialization  milestones 

1 .  Initiate  research  supported  by  BSIF  funding 

2.  Incorporate  commercial  entity  with  Springboard  funding  as  OHSU  start-up 

3.  Submit  NIH  SBIR  applications  based  on  current  data 

4.  Solicit  VC/private  equity  interest/investment  based  upon  current  and  new  data 

5.  Utilize  VC/private  equity  investment  for  optimized  lead  production,  IND  filing,  and  preclinical 
toxicity,  PD,  and  PK  studies  in  non-human  primates  prior  to  phase-1  trials 

IV.  Intellectual  Property  Position 

V.  Budget 

a.  Less  than  one  page 

Personnel- 

Principal  investigator  (Dr.  Charles  Roberts  @  5%  effort)  $1 1 ,800  (to  be  obtained 

separately) 
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Senior  Research  Associate  (Ms.  Julie  Carroll,  M.S.  @  50%  effort) 
Research  Assistant  2  (Ms.  Aubrey  Ng,  B.S.  @  50%  effort) 


$30,375 

$22,500 


Supplies- 

Cell  culture  materials  (plasticware,  media) 

Biochemical  reagents  (antibodies,  ECL  reagents,  protein  gels) 
Peptide  synthesis 
Lentivirus  production 

Human  cancer  cell  lines  and  EGFR  vectors 
Apoptosis  and  proliferation  assay  kits 


$1 ,625 


$6,000 

$10,000 


$5,000 


$2,500 

$2,000 


Total 


$80,000 


Justification- 

Personnel: 

Dr.  Charles  Roberts  will  be  responsible  for  overall  project  direction,  data  analysis, 
publications,  and  reporting  on  milestones/progress. 

Ms.  Julie  Carroll  is  a  senior  technician  who  has  extensive  experience  in  growth  factor  action 
in  cancer  cells,  and  performed  many  of  the  studies  on  herstatin  that  are  the  basis  for  the  current 
proposal.  She  will  be  responsible  for  the  cellular  signaling  and  other  assays  of  cell  growth, 
survival,  and  tumorigenesis. 

Ms.  Aubrey  Ng  is  a  research  assistant  with  experience  in  molecular  biology  and  biochemistry 
and  will  be  responsible  for  vector  construction  and  will  assist  Ms.  Carroll  in  cell  biology  studies. 


Supplies: 


The  supplies  budgeted  for  are  all  consumables  necessary  for  the  studies  proposed,  and  the 
amounts  requested  are  best  estimates  based  upon  technically  similar  studies  we  have 
undertaken  in  the  past. 

Plasticware  includes  transwell  inserts  for  assessment  of  action  of  secreted  herstatin.  Peptide 
synthesis  will  involve  production  of  the  intron  8-encoded  protein  and  smaller  fragments  by  a 
commercial  vendor.  Lentivurus  constructs  will  be  generated  that  encode  full-length  herstatin  as 
well  as  combinations  of  the  intron-encoded  domain  and  portions  of  the  HER2  ECD.  Human 
cancer  cell  lines  will  be  procured  from  ATCC  to  complement  ones  we  have  on  hand. 

VI.  Attachments  &  References 

a.  Please  provide  any  scientific  or  commercialization  papers  or  references  that  may  be 
helpful  in  supporting  your  application 

Representative  Pertinent  References: 

Herstatin  inhibition  of  HER3- 

Azios  et  al.,  Expression  of  herstatin,  an  autoinhibitor  of  HER-2/neu,  inhibits  transactivation  of 
HER-3  by  HER-2  and  blocks  EGF  activation  of  the  EGF  receptor.  Oncogene  20:5199-5209, 
2001. 

Molecular  modeling  of  the  herstatin-HER2  interaction- 

Hu  et  al.  In  vivo  identification  of  the  interaction  site  of  ErbB2  extracellular  domain  with  its 
autoinhibitor.  J.  Cell.  Physiol.  205:335-343,  2005. 
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Herstatin  interaction  with  the  IGF-IR- 

Shamieh  et  al.  Receptor  binding  specificities  of  herstatin  and  its  intron  8-encoded  domain. 
FEBS  Lett.  568:163-166,  2004. 

Role  of  HER3  in  EGFR/HER-mediated  tumorigenesis- 

Hsieh  and  Moasser.  Targeting  FIER  proteins  in  cancer  therapy  and  the  role  of  the  non-target 
HER3.  Brit.  J.  Can.  97:453-457,  2007. 

Sergina  et  al.  Escape  from  HER-family  tyrosine  kinase  inhibitor  therapy  by  the  kinase-inactive 
HER3.  Nature  445:437-441 , 2007. 

IGF-IR-mediated  resistance  to  EGFR/FIER-targeted  therapy- 

Morgillo  et  al.  Implication  of  the  insulin-like  growth  factor-IR  pathway  in  the  resistance  of  non¬ 
small  cell  lung  cancer  cells  to  treatment  with  gefitinib.  Clin.  Can.  Res.  13:2795-2803,  2007. 

EGFR/HER2-mediated  resistance  to  IGF-IR-targeted  therapy- 

Flaluska  et  al.  FIER  receptor  signaling  confers  resistance  to  the  insulin-like  growth  factor-1 
receptor  inhibitor,  BMS-536924.  Mol.  Can.  Ther.  7:2589-2598,  2008. 

Please  Return  the  Completed  Application  to: 


Technology  &  Research  Collaborations 
Mailcode:  ADI  10 
2525  SW  1st  Avenue,  Suite  110 
Portland,  OR  97201 
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